An attempt was made to fabricate composite material of an Al alloy matrix reinforced by TiNi shape memory fiber using a hot-press method and to investigate its microstructures and mechanical properties. The analysis of SEM and EDS showed that the composite material had good interface bonding. The stress-strain behavior of the composite material was evaluated at room temperature and 363 K as a function of prestrain, and it showed that the yield stress at 363 K is higher than that at room temperature. It is also found that the yield stress of the composite material increased with increasing the amount of pre-strain and depended on the volume fraction of the fiber and heat treatment. The smartness of the composite could be given due to the shape memory effect of the TiNi fiber, which generated compressive residual stress in the matrix material when heated after being pre-strained. Microstructural observation revealed that interfacial reactions occurred between the matrix and fiber, creating two intermetallic layers.
Introduction
Many studies have been performed on smart composite material reinforced by TiNi shape memory alloy (SMA). [1] [2] [3] The design concept of this smart composite material is that as temperature increases, austenite transformation occurs from martensite phase in TiNi fiber and the fiber contracts up to the amount of tensile pre-strain applied at room temperature. This property is caused by the shape memory effect (SME) of TiNi fiber and compressive residual stress that occurs in the matrix due to this shape memory effect. As a result, this determines the strength of whole composite material. 2, 5, 6) Armstrong 4) reported the thermal behavior of Al6061 matrix composite reinforced by TiNi SMA fiber by using a one dimensional model. He compared the theoretical and the experimental results. However, he did not focus on the fabrication process or strengthening mechanism. In addition, Hamada and co-workers 1) reported the optimal fabrication condition for TiNi/Al6061 composite material in vacuum using the hot-press method. They also reported the strengthening mechanism of composite material by comparison of theoretical and experimental methods. Due to the fabrication method, the volume fraction of fiber is limited so they restricted the volume fraction of fiber within 5.3% and the pre-strain within 2.9%. Thus, the relationship between volume fraction and pre-strain was not thoroughly examined.
This was a fundamental study to develop a fabrication method of TiNi/6061 composite material into plates. In this study, an attempt was made to fabricate a composite material using hot-press method and to examine the strengthening mechanism. There have been many studies in Korea on the fabrication of smart composite material using squeeze casting and powder metallurgy. 7) However, the strength of the smart composite material made by these methods is not satisfactory and many problems, such as array of fiber reinforcement, have occurred. The hot-press method is useful in simultaneously solving strength and fiber array problems.
The advantages of the hot-press method are that it can produce various sizes and fiber volume fractions of composite material. In addition, this method allows the production of composite materials into commercially viable plates.
In this study, TiNi/6061 composite material was produced using the hot-press method. To obtain the optimal fabrication condition for composite material, various temperatures and pressures were attempted. The optimal condition was determined by observing the separation of the interface between the fiber and matrix SEM and the diffusion layer as evaluated by EPMA. Three kinds of specimens with volume fractions of fiber 3.2%, 5.2% and 7% were made under the optimal condition and their mechanical properties were examined at room temperature and 363 K. To investigate the strength increase effect resulting from pre-strain, 1%, 3% and 5% of pre-strain were applied. In addition, strength increase evaluations were performed to determine the effect of the rule of mixture. Figure 1 shows the design concept of shape memory composite material.
Design Concept of Shape Memory Composite Material
Step 1 is a process to apply tensile force to pre-strain the material which remains when the tensile force is removed (step 2). In step 3, temperature is raised to 363 K (above A f ) and the reverse transformation occurs from the martensite phase to the austenite phase in TiNi fiber. Then, the pre-strain applied in the superelastic region recovers to the original state (state A) due to the shape memory effect. Tension occurs in the matrix metal due to the thermal deformation at 363 K, however, in the matrix metal, compressive stress occurs due to constraint of TiNi fibers. At this time, the compressive stress occurs, tensile strength of TiNi fiber increases. Permanent deformation occurs because of the plastic behavior in the martensite phase. However, elastic recovery occurs under the same load condition since the austenite phase is still in the elastic region. In step 4, tension is applied to step 3 and mechanical properties are evaluated.
Experimental Method
In this study, 1 mm thick Al6061 plate and TiNi fiber (Ti-50.0 at% Ni; diameter 0.5 mm) are used to fabricate TiNi/ Al6061 shape memory composite material. For the purpose, a hydraulic hot press with a 250-ton capacity is made. This press is equipped with a high temperature furnace that allows maintenance of temperatures up to 800 C. The fixture in Fig. 2 arrays the fiber shape memory alloy straight at a constant spacing to prevent contact. Similar specimens can be repeatedly made and volume fractions of fiber can be arbitrarily changed. TiNi fiber was fixed at a constant spacing between 150 mm Â 22 mm Â 1 mm aluminum plates. The aluminum plates were pressurized at high temperature on the press as shown in Fig. 3 . Three kinds of composite materials with three different fiber volume fractions (3.2%, 5.2% and 7%) were fabricated for the experiment. To determine the optimal fabrication condition of TiNi/Al6061 shape memory composite material, two pressures (40 MPa and 60 MPa) were applied for 30 minutes under two temperature conditions (803 K and 833 K). Temperature was measured between two aluminum plates and pressure was calculated from the aluminum's dimensions before pressure was applied.
Since the surface of the aluminum matrix is easily oxidized, the specimens were fabricated in argon. Freeform composite material was made by the hot-press method as shown in Fig. 4(a) . After machining this material, a plate tensile test specimen was made. Its shape and dimensions are shown in Fig. 4(b) . To increase the strength of aluminum 6061 matrix, T6 heat treatment was performed. In air, a solution treatment was performed for an hour at 793 K or 813 K, and the specimens were cooled in water. An aging treatment was performed at 448 K. In Fig. 5 , the relationship between aging time and Vickers hardness is shown. It was observed that the hardness of the composite material solution treated at 813 K was higher than that of 793 K. Previous studies have shown that the hardness does not change significantly after aging treatments of more than 5 hours. In this study; therefore, instead of evaluating the strength of the composite material according to the heat treatment condition, an attempt was made to determine the ideal heat treatment condition to produce the greatest strength of Al6061 and composite material fabricated under these conditions. Using Loading for pre-strain
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Step 4 the results shown Fig. 5 , a solution treatment was performed for the specimen at 813 K for an hour and then an aging treatment was performed at 448 K for 5 hours. Pre-strains of 1%, 3% and 5% were applied to the specimen by tensile velocity of 1 Â 10 À4 mm/s at room temperature. A tensile test was attempted on the pre-strained specimen at 363 K. The experiment temperature was measured at the surface of the specimen by thermocouple.
To determine the optimal fabrication condition of TiNi/ Al6061 shape memory composite material using the hotpress method, an evaluation was performed of the adhesion state by SEM and an investigation of the change of chemical composition at the interface of TiNi fiber and Al6061 matrix was undertaken. The specimen's optimum fabrication volume fraction of fiber was 3.2%. With a volume fraction of 7%, the spacing between two fibers was 0.7 mm, which was wider than the 0.5 mm fiber diameter. Pressure was applied at 833 K. The fiber spacing was found to have no effect on the adhesion state.
Theoretical Strength of Composite Material
The relationship between stress and strain of one directional composite material when tension was performed in the fiber direction under the assumption of equal strain can be expressed as eq. (1).
Here, " c is an average strain of composite material, and " fu and " mu are fracture strains of fiber and matrix, respectively. From eq.
Equation (2) is obtained. In addition, the stress can be expressed using the rule of mixture as follows:
Here s and m represent stress occurring in the fiber and matrix, respectively. V f is the volume fraction of fiber, E f and E m are vertical elastic modulus of fiber and matrix, respectively. This equation is effective until one fiber and matrix are fractured. 8) If equivalent fiber stress is represented by fu , then eq. (4) is obtained.
And let the volume fraction of fiber V fcr when c and the strength of fiber become the same, eq. (5) is obtained.
In addition, let the volume fraction of fiber V fmin when fracture in fiber and matrix occurs simultaneously, V fmin can be expressed as follows:
A problem of these calculations is that when yielding occurs in the matrix earlier than a fracture in fiber, it is difficult to examine the behavior. And when there is a deviation in the strength of fiber, there is no way to evaluate the strength. The calculation also produces larger value than the actual value, which seems to be attributed to interface separation of fiber and basic material in actual experiment, unlike in theoretical assumption. Especially in case there is dispersion at the strength of fiber, it is impossible to make accurate calculation when strength of composite material is calculated by theoretical formula, which in turn makes it impossible to accurately calculate the fiber strength. Therefore, accurate calculation of the fiber strength is required. In this study, therefore, the average strength of fiber was used throughout the study. The volume fractions of TiNi fiber used in the calculation of strength were 3.2%, 5.2% and 7%. After theoretical and experimental strength were compared, calculations were performed to evaluate the strength increase in composite material due to the strengthening effect of TiNi fiber and shape memory effect at high temperature.
Results and Discussion

Determination of the optimal fabrication condition
To determine the optimal fabrication condition of composite material, three factors (temperature, pressure, and time) were considered. First of all, temperatures affecting diffusion layer are changed to 803 K and 833 K respectively, while pressures to 40 MPa and 60 MPa respectively. And then interface connection status varying in accordance with temperature and pressure is observed in the production of composite material by SEM micrograph. Temperature and pressure are kept constant at 1800(s). First of all, temperatures affecting diffusion layer are changed to 803 K and 833 K respectively, while pressures to 40 MPa and 60 MPa respectively. And then interface connection status varying in accordance with temperature and pressure is observed in the production of composite material by SEM micrograph. Temperature and pressure are kept constant at 1800(s). SEM micrographs of the composite materials fabricated by various conditions are shown in Fig. 6 . From the figures, it is observed that the state of adhesion of fiber and matrix differed according to temperature and pressure. At a temperature of 833 K, a pressure of 60 MPa, and a time of 1800 seconds in (d), optimal adhesion was attained. In (a), (b) and (c), the adhesion line is observed on the interface of the 
Mechanical property evaluation 5.2.1 Strength property of TiNi fiber
For the evaluation of mechanical properties of TiNi shape memory alloy, the same heat treatment that was applied in the fabrication of the specimen (the temperature of 448 K and maintenance time of 5 hours) was performed. This intended to evaluate the specimen's mechanical properties under the same conditions as matrix Al6061 that was reinforced by TiNi fiber. The starting temperature of martensite transformation M s and the finishing temperature of austenite transformation A f show a gradual increase as the applied stress increases due to the increase martensite transformation. In addition, M s and A f are 296 K and 342 K respectively. Accordingly, in this experiment, at a temperature of 363 K, an evaluation of the mechanical properties was performed. Figure 8 shows the tensile test results of TiNi fiber at room temperature and 363 K. The TiNi fibers for the experiment were pre-strained 0%, 1% and 3% at room temperature. Figure 8(a) shows that the stress-strain curves can be divided into an elastic region, super-elastic region, and hardening region of martensite. 9, 10) The super-elastic region is in the 1.5 to 8% range. For TiNi fiber, the effect of pre-strain cannot be observed at room temperature and the strength in the superelastic region was 284 MPa. On the other hand, at a temperature of 353 K, the elastic and super elastic regions were both present. The strength at the super-elastic region was found to be 715 MPa, which was very high compared with the results obtained at room temperature. In addition, at high temperatures, a slight strength increase due to pre-strain was observed. We concluded from the stress-strain curve of TiNi shape memory alloy that at a high temperature, the increase of volume fraction of fiber was more effective on the strength of TiNi/Al6061 shape memory composite material than the pre-strain.
Mechanical properties of composite material
A tension test was performed for the specimens with differing volume fractions of fiber being 0%, 3.2%, 5.2% and 7% to investigate the effect of volume fraction of fiber on the mechanical properties of TiNi/Al6061 shape memory composite material. The test was performed at room temperature (between M s and A f of TiNi fiber) and high temperature (above A f ). In Fig. 9 , stress-strain curves of TiNi/Al6061 shape memory composite material at room temperature and 363 K are shown and in Fig. 10 , changes of tensile strength due to volume fraction at room temperature and 363 K are shown. As shown in Fig. 10 , the tensile strength of composite material at room temperature slightly decreased as the volume fraction increased. This infers that the fracture of composite material occurs in the super-elastic region of TiNi shape memory alloy. In Fig. 8(a) , superelastic region of TiNi fiber indicates the range of strain 1-8%. For yield strength of composite material, the strength of fiber increases in hardened part of martensite, which is out of the range. Figure 9 (a) shows that TiNi/Al 6061 composite material forms general stress-strain curve at normal temperature. This infers that composite material, including separation of interface, is destructed while TiNi fiber exists in superelastic region. In other words, separation of interface occurred due to the difference of strength of fiber and matrix at room temperature. At 363 K; however, tensile strength increased as volume fraction of fiber increased. Contrary to normal temperature, the strength increases at a high temperature of 363 K according to volume content. This could be because the strength of TiNi fiber, reinforcing material, is considerably high at a higher temperature and continuous shape memory remains effective as the fiber stays at superelastic region under tensile strength. However, interface separation between fiber and base material is observed on the fractured surface as shown in Fig. 11 . This seems to result from the coefficient difference of heat expansion between the base and the fiber. In order to minimize separation of interface, the diameter of TiNi SMA fiber should be considered in production of composite material because a smaller diameter of TiNi SMA fiber reduces the area of contact between one fiber and matrix, resulting in improvement of joining with matrix compared to a bigger diameter. In Fig. 12 , stressstrain curves of different pre-strains are shown. Figure 12 shows that the tensile strength of composite material increases as the amount of pre-strain increases. This is because compressive residual stress occurs at the Al6061 matrix due to the shape memory effect of TiNi fiber. Above A s TiNi fiber tends to return to the original state due to shape memory effect. This makes compressive residual stress occur in Al matrix and above A s the strength of fiber itself also increases. Accordingly, the strength of composite material increases. Figure 12 also reveals that as the volume fraction of fiber increases, large strain occurs in composite material; however, as pre-strain increases, strain in composite material decreases. This is because significant plastic deformation occurs in aluminum as pre-strain increases. Accordingly, it is known that the total elongation of composite material depends on Al6061, which has a large volume fraction.
The relationship between tensile strength depending on pre-strain and volume fraction at 363 K is shown in Fig. 13 . It is observed that as the volume fraction of TiNi fiber increases, the tensile strength of composite materials increases almost linearly; and as the volume fraction of fiber increases, tensile strength also increases. On the other hand, as pre-strain increases, the amount of increase of tensile strength tends to be insignificant for composite material of all volume fractions. This is because the increasing effect of strength due to pre-strain of TiNi fiber is slight. Accordingly, it is known that to increase the strength of TiNi/Al6061 shape memory composite materials it is much more effective to increase the volume fraction of fiber than to increase the pre-strain. Table 1 reveals the mechanical properties of Al6061 and TiNi fiber at room temperature and 363 K. Only the superelastic region is used to evaluate TiNi fiber strength. Prestrain 0% Prestrain 1% Prestrain 3% Prestrain 5% Fig. 13 The relationship between volume fraction and tensile strength as a function of pre-strain at 363 K. Experimental results indicate that the fracture of composite material occurs at the super-elastic region of the fiber. At 363 K, the strength of reinforcement fiber is high. The strengths depending on volume fraction of fiber at room temperature and 363 K are shown in Fig. 14 . These results were obtained by using Equation (3). In Fig. 15 , tensile strengths of composite material are shown. These results were obtained by experiment and by calculation using the rule of mixture. Figure 14 shows that the tensile strength at 363 K is larger than that at room temperature. This result supports the tendency of Fig. 10 and is based on the fact that the strength of TiNi fiber is high at high temperatures. In Fig. 15 , it is observed that the tensile strength at room temperature obtained either by experiment or by calculation decreases as the volume fraction of fiber increases. This is because at room temperature the strength of aluminum is higher than that of TiNi fiber. The reason that the strength obtained by the rule of mixture is higher is because the separation of interface of fiber and matrix is not considered when the rule of mixture is used. At high temperatures, the strengths obtained by experiment and the rule of mixture are almost coincident. However, for the composite material with low volume fraction, the strength obtained by the rule of mixture is higher; and for the composite material with volume fraction of 7%, the experimental value is high. From this fact it is expected that the slight strength increase due to shape memory effect exists at 363 K without pre-strain. Figure 16 compares the strength of composite materials with pre-strain and the strength calculated by the rule of mixture. From the figure, it is known that the strength with pre-strain is much higher than the calculated strength. This implies that it is impossible to evaluate the strength of composite materials with pre-strain. In the case with pre-strain, the strength increases as the volume fraction of fiber increases. However, without pre-strain, the increase of strength of composite material is negligible as the volume fraction of fiber increases. Accordingly, the effective way to increase the strength of composite material is to consider both of volume fraction of fiber and pre-strain, simultaneously.
Theoretical strength of composite material
Conclusion
This study attempted to determine the fabrication condition of TiNi/Al6061 shape memory composite material using hot-press method and its mechanical properties. The results are as follows: (1) The optimal fabrication condition of TiNi/Al6061 shape memory composite materials is 833 K, 60 MPa and 1800 seconds of maintenance time in hot pressing. In addition, it is verified that diffusion layer exists in the adhesion interface of fiber and matrix according to EPMA analysis. ( 2) The hardness of composite materials solution treated at 813 K is superior to that at 793 K. And after 5-hour aging treatment at 443 K, almost no hardness change occurs in Al6061 matrix. (3) At 363 K, the tensile strength of composite materials with pre-strain increases as the amount of pre-strain increases; however, the amount of increase of strength does not increase noticeably as the amount of pre-strain increases. (4) Testing demonstrated that it is more effective to increase the volume fraction of reinforcement fiber to increase the strength of composite materials. (5) Slight strength increase due to purely shape memory effect is verified to exist at high temperature. It is impossible 
